Ultra high molecular weight polyethylene (UHMWPE) is one of the most important engineering materials owing to outstanding properties like impact strength and abrasion resistance. However, the relatively low Young´s modulus restricts some application and the use of fillers may be a suitable way to overcome this. The fillers can influence the photo stabilization of the compound, as it occurs to other polymers. Neat UHMWPE and its composites with 1 and 10% of iron ore fine were exposed to ultraviolet radiation for up to 33 days and then tested for mechanical properties. The stress-strain behaviour changed with degradation, with an evident necking and strain hardening region that was not observed before exposure, due to a reduction in entanglements density. From the tensile results, the filler may have a protection action against UV, particularly when a loading of 10% was present. Complementary analyses were performed, including X-ray diffraction, DSC and SEM.
Introduction
Ultra high molecular weight polyethylene (UHMWPE) is rather similar to high-density polyethylene (HDPE) based on the chemical structure and molecular architecture 1, 2 . Such as HDPE, it can be synthetized as an homopolymer, being predominantly linear, or as a copolymer of ethylene and other olefins, having some small side branches 3 . However, because of the very high molar mass that results on special properties like high impact strength and abrasion resistance, UHMWPE is classified as an engineering polymer 4 , whereas HDPE is considered a commodity 5 . UHMWPE is applied, among others, as internal human body prosthesis, which prompted several studies on the gamma radiation and electron beam effects on its properties 6, 7, 8 . These radiations are used for sterilization and to promote crosslinking, improving the wear strength 9, 10, 4 . As an engineering plastic, UHMWPE is also widely used outdoors and, hence, the chemical stability under UV radiation is very important. Although not many studies were conducted on this issue, it was shown that the degradation behaviour of UHMWPE is similar to HDPE, except for mobility differences of free radicals due the difference in molecular sizes of these two polymers 11, 12 .
One of the disadvantages of UHMWPE in comparison with other engineering polymers is the relatively low modulus, and this can be overcome by adding fillers. The use of natural or synthetic fillers, however, can also change the polymer stability against UV radiation and temperature damage, which have been reported in many studies 13, 14, 15, 16 . For example, Dintcheva et al. 17, 18 evaluated the anti UV action of a functionalized carbon nanotube (CNT) with a hindered amine light stabilizer and silsesquioxane on an UHMWPE matrix. A significant improvement in UV stabilization was noted when the filler was present.
In this study the influence of iron ore fine on UV stability of UHMWPE was investigated. Although the iron ore fine can be a high value material and, therefore, could be considered inappropriate to be used as a filler, the wastes generated from the mining and ore processing are usually discarded, being a possible industrial filler to UHMWPE. The neat polymer and the compound with 1% and 10% of filler were submitted to UV irradiation for up to 33 days and tested for mechanical and physicochemical changes. To the best of our knowledge, this is the first study using a residue from the mining industry as filler to improve UV stability of UHMWPE.
Experimental
The UHMWPE was supplied by Braskem (Brazil) in a powder form, with molar mass 3×10 6 g/mol and density 0.925 g/cm 3 . The iron ore fine was supplied by Vale do Rio Doce Company (Brazil) and it was sifted through an ASTM 100 mesh sieve, with aperture of 0.154mm, to remove coarse particles before mixing with the polymer. The polymer and iron ore fine were poured in a closed plastic bag for an intense mixing up to homogenization. Besides the neat UHMWPE, two compounds were prepared, containing 1% and 10% of iron ore fine. Plates with sizes of 150mm × 100mm × 1 and 3mm were produced by compression moulding in a Solab hydraulic press at 220°C during 35 minutes under a pressure of 2.7MPa with periodic degassing during the cycle. The cooling of the plates was done at first by leaving them under pressure for 60 minutes after switching off the heat, followed by 40 minutes at room temperature. Test bars were machined from the plates, for characterization.
The X-ray diffraction analysis (XRD) of filler was performed in a Shimadzu XRD-7000 model at 40 KV, 30 mA and using a copper target. The scanning range was from 5 to 80° (2θ) with a rate of 2°/min. The data analysis was performed with the software OriginLab version 7.0 and powder X software, version 2004.04.70 PRO to identify the pattern of diffraction peaks generated. The determination of filler chemical composition was done by energy dispersive X-ray in a Shimadzu EDX-720 equipment using a scanning rate of 0.02°/min, enabling the determination of elements from Ti to U. The image of the UHMWPE powder filled with 10% of iron ore fine was obtained using a SED-X Shimadzu scanning electron microscope.
Type IV tensile bars (ASTM D-638), thickness of 1mm, and impact Charpy specimens (120×12×3mm) were machined from compression-moulded plates. The impact specimens were notched with an angle of 30° and 2mm of depth.
The specimens were exposed to ultraviolet radiation at room temperature using LightTech 80W fluorescent tubes, which are used to artificial sunbath, following a similar procedure used in a previous study 19 . The exposure times were defined as 11, 22 and 33 days.
Tensile tests before and after UV irradiation were conducted in a Shimadzu tensile test machine using a crosshead speed of 50 mm/min at 23°C with at least 6 specimens for each condition. The impact Charpy was done on a XJ25-Z equipment using a 25J hammer.
FTIR spectra from UV exposed surfaces were obtained using a Shimadzu Prestige 21 spectrophotometer with a horizontal ATR accessory. Carbonyl index (CI) was determined through the equation (1):
Where A 1731 and A 1370 are the band areas of carbonyl and methyl groups, respectively. The last one was used as internal standard band.
Differential scanning calorimetry (DSC) was used to evaluate the crystallinity degree of neat polymer and their compounds with iron ore fine after UV irradiation. The measurements were performed in a TA Instruments 2920 calorimeter. The samples were removed from a micrometric layer from exposed surface and the data were obtained from the first heating using a heating rate of 10°C/min. For selected compositions the tests were performed in duplicate, indicating differences between data of crystallinity degree from the measurements inferior to 2%.
The morphology in cryogenic fractured specimens before and after UV exposure was inspected by scanning electron microscopy (SEM). The images were obtained with an electron microscope gun of field emission scanning (FEI QUANTA 200) and acquired using the Backscattered Electrons mode (BSE). In the BSE method, the backscattered electrons are originated from the interaction of the emitted beam by the electronic microscope with the nuclei of atoms in the samples. As the intensity of this interaction depends largely on the nuclear charge (Rutherford scattering type), chemical contrast is most evident in these images, enabling a better assessment to the dispersion of iron ore fine in the composite. Through these analyses, the evaluation of particles morphology size distribution is possible.
Results

Iron ore fine characterization
The XRD diffractogram of the iron ore fine ( Figure 1 ) shows that it is composed primarily of hematite (Fe 2 O 3 ) and quartz (SiO 2 ). The high content of hematite in this material was also observed by Costa et al. 20 , who argued as typical of Brazilian ores composition. The chemical composition is given in Table 1 , as obtained by EDX. Even though this technique gives only a low accuracy evaluation of atom content, it is useful for a general idea of the material composition. The analysis detected the presence of three constituents in the samples: iron (Fe), silicon (Si) and manganese (Mn). The high percentage of Fe is due to the iron oxide whereas Si is due to the presence of quartz, which is consistent with the results of XRD. Mn is the lowest percentage element (<1%) and it was not observed in the XRD diffractogram. The presence of Mn might be due to the occurrence of substitution manganese hematite structures as a result of environmental weathering 21 . The morphology of the filler particles was assessed by the SEM analysis of the composite fracture surface, as shown in Figure 2 . The quartz particles have a more compact morphology whereas hematite is more granular. The average area of the particles is approximately 0.2 mm 2 , as given in the histogram. Although they have an irregular format, if we consider the disc form the average diameter equivalent is 0.5mm, that is higher than 0.154mm, the aperture of the sieve. This can be explained for some agglomeration during the moulding process or the elongated format of the particles. The Figure 3 shows the SEM image obtained from the composition of the polymer with 10% of iron ore fine before moulding where we can see that the iron ore fine particles, indicated by white arrows, barely have the size higher than 0.1mm.
Mechanical properties
Tensile tests, crystallinity and oxidation
The results for ultimate strain of neat UHMWPE and their compounds with iron ore fine before and after UV exposure are shown in Figure 4 . For the unexposed samples, the maximum elongation is reduced by about 20% when 10% filler is present. Even so, the value obtained (about 400%) is still higher than the minimum accepted to this grade that is 350%, according to the polymer manufacturer 22 . It is well known that the presence of particulate fillers in a ductile matrix reduces the elongation because the fillers act as a stress raiser 15 . Li et al. 23 studied the mechanical strength of UHMWPE compounded with 70% charcoal, and observed a reduction on rupture strain of composites. The neat polymer strained 323% and the composites 31%. Figure 4 also shows that after UV exposure, the rupture strain of neat UHMWPE changed significantly, rising 27% at first up to 22 days exposure, then an abrupt drop was observed. A similar behavior was observed to the polymer compounded with 1% of iron ore fine in which the rupture strain raised 34% up to 22 days exposure then a reduction was observed, though far less in comparison to neat polymer. The polymer containing 10% of iron ore fine showed the lowest variation of maximum elongation with UV exposure time, indicating the stabilizing action of the filler. A high dispersion on rupture strain results was noted for the neat polymer after 33 days UV exposure since some specimens fractured during necking while some of them stabilized the necking process and strained a higher percent before rupture. There are some studies showing that mineral fillers can protect the polymeric matrix against the UV radiation but, in some cases, the filler may contain active metal that act as a catalyst to polymer degradation 5, 14 . Grigoriadou et al. 24 observed that Cu-nanofiber protected HDPE against UV radiation by reducing the oxygen diffusion through the sample. In other work, Grigoriadou et al. 25 showed that some nanoparticles added to HDPE promoted stabilization whereas others accelerated the photo-oxidation process.
It could be expected that the changes that occurred on rupture strain by UV action were towards the reduction on this property, not the increase as noted in some conditions (Figure 4) . Actually, one of the most common evidences of polymer deterioration by photodegradation is the reduction in elongation 26 , which is explained by the molecular scission and entanglement density reduction that can also cause an increase in crystallinity in semi-crystalline polymers 26, 27, 28 .
The results showed in Figure 4 , specially to neat polymer and to the compound with 1% iron ore fine, up to 22 days exposure are surprising at first sight because an increase on rupture strain was clearly noted. We believe that the high entanglement density of UHMWPE may be the key to understand this behaviour. The stress strain curves presented by the degraded neat polymer and the compound with 1% filler (to be discussed in detail further in this text) are somewhat similar to the HDPE behaviour, which has a higher elongation in comparison to UHMWPE. It is believed that the very high entanglement density of UHMWPE restricts the elongation. In this way, we suppose that the molecular scissions that take place during exposure reduce the entanglement density and, hence, allow a higher elongation, similar to HDPE. However, it is important to highlight that there is a profile of degradation on thick samples like those used here. This is because of oxygen access vary through the thickness, making degradation more intense near the exposed surface 29 .
Despite the heterogeneous profile, the resultant behaviour on stress strain test of degraded samples was much similar to that presented by HDPE, including the necking on yield point and the cold drawing region that are not normally presented during UHMWPE tests 4, 30 . These differences are assigned to the higher entanglement density on the last one 31 . It is important to emphasize that HDPE is also more crystalline than UHMWPE 30 . Another aspect that should be considered to explain those results is the possibility of crosslinking of polyethylene, particularly if the oxygen is absent, for example, in internal regions of the specimen
.
Figures 5 shows that the elastic modulus and yielding stress increased with increasing UV exposure time. For the neat polymer after 11 and 22 days exposure, the properties increased more in comparison to polymer containing 1% filler. However, between 22 and 33 days exposure the increase was much less, indicating that a steady condition in these properties is reached. This is a similar behaviour to the one observed with the crystallinity of polypropylene by Rabello and White 27 , although in this study this steady condition was achieved after more than 25 weeks of UV exposure. The authors observed that the carboxyl index continued to increase after the crystallinity plateau of equilibrium showing that the degradation process continued even though the crystallinity not changed any more. For the polymer containing 1% of iron ore fine, elastic modulus and yielding stress achieved about the same values of the neat polymer after 33 days exposure. For the compound with 10% filler, the changes in elastic modulus and yielding stress are rather small, indicating that iron ore fine may have a stabilizing action. The elastic modulus increased almost 70% for the neat polymer and the compound with 1% filler, whereas the composite with 10% filler showed an increase of 29% after 33 days of UV exposure. The yielding stress increased 23 and 26% to neat polymer and the compound with 1% of iron ore fine, respectively, while the increase was only 9% when 10% filler was added. Elastic modulus and yielding stress of semi-crystalline polymers like polyethylene have a close relation with the crystallinity degree. Higher crystallinity leads to higher values of modulus and strength 5, 32 . Since the degradation caused by UV exposure results on molecular scission on amorphous region, the released segments can rearrange, increasing the crystallinity degree. This phenomenon is known as chemicrystallization 27, 28 . UHMWPE is a crystallizable polymer owing to the linear molecular structure, but crystallization is more difficult when compared to HDPE due to the extremely high molar mass that cause too much entanglements. The molecular scission on interlamellar regions, due the degradation, allows the increase of crystallinity degree.
According to Figure 6 , the changes in crystallinity were more pronounced in the neat polymer, that increased 34.3% after 33 days of UV exposure; followed by the polymer containing 1% of iron ore fine where the crystallinity increased 28.6%, but the composite with higher filler content also showed a considerable increase, of 26.4% after 33 days of UV exposure. For this experiment, the specimens were removed from the bar exposed surface, whereas the results for the other tests reflected the bulk of the samples. It is possible that interior of the samples with 10% filler was more protected due to the screening effect offered by the particles. This was showed by Rabello and White 33 with talc filled polypropylene.
when the yielding point is reached, which would be due to the necking of the sample bar 30 . Actually, no necking was visually observed during the test. After the yielding point, the curve presents a steady increases on stress up to fracture without the development of a cold drawing region. These two aspects, absence of necking after yielding point and hardening strain, are assigned to a high density of entanglements 36, 37, 38, 39 because of the high molecular weight of UHMWPE. With the increase of UV exposure, a significant stress drop is noted after the yielding point, which caused necking of the samples, followed by a cold drawing region that is more extensive for longer exposures. The strain hardening is still observed for samples exposed for 11 and 22 days. The behaviour of these samples is similar to the one observed for HDPE 38 , probably due to the reduction of entanglements density as considered previously. For 33 days of UV exposure, the majority of the samples fractured close to the yielding region.
The stress-strain curves for the 1% filled polymer (Figure 7 -b) were similar to ones for the neat polymer, like the occurrence of necking on yielding point, a cold drawing region and the hardening strain at the end of the test. For 33 days of UV exposure, about 85% of the samples dit not fractured on yielding point, developing cold drawing. This percentange was higher in comparison to neat polymer exposed to UV radiation by the same time, indicating some stabilization promoted by the filler.
The behaviour described above for the neat polymer and composite with 1% filler occurred also with the 10% filled compound, though in a subtle way (Figure 7-c) . There was no rupture on yielding point for samples exposed to 33 days, probably due to the protection against photodegradation this filler promoted to the polymer.
From the plastic region of stress-strain curves three important data were obtained: (i) the drop on stress value after the yield point, (ii) the slope between 100 and 200% elongation and (iii) the slope between 300 and 400% elongation, and the results are given in Figure 8 . Figure 8 -a shows that stress drop is higher for the neat polymer and a minor change was observed for the polymer containing 10% filler; the compound with 1% of filler showed an intermediate behaviour. The increase in stress drop after yielding with exposure is a consequence of the reduction in entanglement density and a crystallinity increase, as discussed previously. Although the photodegradation of polyolefins like UHMWPE is followed by the increase of carbonyl index, in this study this wasn't observed, as shown in the Table 2 . Studies of measures of carbonyl index through FTIR in polyolefins indicates an interval before the detection of the increase of oxidation, wich one increases if a stabilizer is used 34 . Fernando et al. 35 after comparing two different ways of measuring the oxidation of polyethylene and propylene concluded that while it is necessary more than one hundred hours of UV exposure to get a measurable concentration of carbonyl groups in a conventional test only a few minutes are necessary to detect the CO 2 evolved in gas tests. Plastic region of stress strain curves 
Impact Tests Results
The impact results reported here must be seen only as a qualitative test, but the results obtained are consistent with the others in which we observed that the sample with 10% of iron ore fine showed higher UV radiation resistance. From Figure 9 , it is observed that only the neat polymer after exposure showed a total fracture, i.e., both parts of the sample bars were physically separated after testing. The filled samples, even after UV exposure, maintained a conection between the two halves of the sample (separated by the notch). Moreover, the more preserved samples were the ones with the highest filler content. 
Fracture surfaces after impact testing
The SEM images of impact-fractured surfaces after 33 days exposure to UV radiation are shown in Figure 10 . The fracture surface of the neat UHMWPE has lower roughness, indicating a less ductile behaviour than the other specimens tested 9 , which is consistent to the results of maximum elongation after 33 days exposure (Figure 4 ). 
Filler Distribution in the UHMWPE Polymer Matrix
SEM (as already shown in Figure 10 ) and BSE images of the materials studied here are shown in Figure 11 . The BSE images indicates location of the filler particles. The neat polymer presents a very clear image due to the absence of the filler. With the increasing addition of iron ore fine in the polymer matrix, there is an increase of the light spots on the images. These bright spots correspond to the dispersed iron ore fines over the polymer bulk. It is important to note the good distribution of the filler on the matrix in both images ( Figure 11-b and 11-c) but there is a poor dirpersion which is typical of this processing procedure. Figure 12 also confirmed that iron ore fines were well distributed in the polymeric matrix. A colour map of EDS is assigned for each element, having the colours red, green, blue and yellow for C, O, Si and Fe, respectively. The EDS maps show more intense red colour (C) in regions of polymer domain, and increased distribution of green colour (O) is present in regions with hematite and quartz particles.
EDS mapping in
Conclusion
In this work the influence of iron ore fine in the photodegradation behaviour of UHMWPE was evaluated. The presence of the 10% filler improved the UV resistance of the polymer, as observed by a lower variation in tensile properties and the maintenance of toughness in impact tests, in comparison to neat polymer and the one compounded with 1% filler. A detailed investigation of stress strain curves indicated a reduction of entanglement density with UV exposure, including the developing of necking after the yield point. Complementary tests showed that the filler was uniformly distributed through the polymer matrix and that an increase in crystallinity with degradation was observed.
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